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Abstract—Our goal is to be able to detect and classify dismounts, 

but we were lacking a quick way to estimate dismount 

parameters, especially with respect to angle of motion and 

depression angle of the radar. Micro-Doppler models have been 

developed which attempt to predict the human micro-Doppler 

response, and here we present a simplified model to quickly 

estimate dismount RCS and some micro-Doppler characteristics 

across a range of angles of motion. This model was extracted 

from measured radar data. We focus on modeling and 

measuring the characteristics of human walking parameters to 

determine response of dismounts to radar signals. We determine 

a simple closed form for RCS as a function of angle for walking 

dismounts as well as several rules of thumb, and we also 

determine a closed form for front-view micro-Doppler.   

I. INTRODUCTION 

Detailed radar processing can reveal many characteristics 
of human motions and of the human body, including gait 
characteristics and radar-cross sections (RCS).  Micro-
Doppler signals refer to Doppler scattering returns produced 
by the motions of the target other than gross translation. These 
parts of the human body do not move with constant radial 
velocity; some of the small micro-Doppler signatures are 
periodic and therefore analysis techniques can be used to 
obtain more characteristics [1, 2].  Micro-Doppler gives rise to 
many detailed radar image features in addition to those 
associated with the bulk target motions.  Modulations of the 
radar return from arms, legs, and even body sway are being 
investigated by researchers [3, 4, 5]. There are also some 
tutorials on micro-Doppler phenomena [2, 6, 7].    

The equation for computing the non-relativistic Doppler 

frequency shift, Fd, of a simple point scatterer moving with 

speed υ with respect to a stationary transmitter is 

 coscos
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where Ft is the frequency of the transmitted signal,  is the 

angle between the subject motion and the beam of the radar in 

the ground plane,  is the elevation angle between the subject 

and the radar beam, and c is the speed of light. For complex 

objects, such as walking humans, the velocity of each body 

part varies over time. Additionally, the radar cross-section of 

various body parts is a function of aspect angle and 

frequency. Ka-band frequencies have the potential to measure 

very fine details of the micro-Doppler spectrum [5].  

Several micro-Doppler models have been developed which 
characterize and attempt to predict the human micro-Doppler 
response [8, 9, 10] and the underlying motion of different 
body parts is shown in Figure 1.  Extraction of micro-Doppler 
features is typically performed in the joint time-frequency 
domain.  Chirplet techniques can be used to perform feature 
extraction [5, 11] as well as linear FM basis decomposition 
[12].  Independent component analysis (ICA) can be used to 
extract independent basis functions from the spectrogram to be 
used as features in a classifier [13].  Micro-Doppler signatures 
have been suggested as a biometric [14], and micro-Doppler 
features have been used in classification algorithms [14, 15, 
16, 17].  Micro-Doppler signatures and direction-of-arrival 
(DOA) estimates have been extracted at over nine meters 
range through a brick wall [18].  Fully polarimetric human 
radar signatures at different approach angles with respect to 
the radar have been collected [19].  Automatic target 
classification has also been done on data including multiple 
humans, wheeled vehicles, tracked vehicles, clutter, and 
animal classes [20].   

The need for a simplified model of dismount RCS and 
micro-Doppler characteristics is for the development of 
systems to detect dismounts.  Our model allows the 
calculation of relevant RCS and micro-Doppler parameters 
simply and easily in order to help evaluate and qualify 
dismount detection systems.   

 

Fig. 1.  Simulated Doppler motions for a man walking, with the Doppler of 

each part of the man displayed.  This simulation is noiseless.  Note that body-
part interactions are eliminated from this plot, and this simulated motion in 

the radial direction to the radar.    
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Fig 2.  Doppler signature with azimuth angles of 0, 45, and 90 degrees.  Note the change in average Doppler from 0.7 m/s to 0.5 m/s to 0 m/s.  The 

Doppler is very difficult to see at 90 degrees do to clutter. 

 
Fig 3.  The variation of the Doppler signature with elevation at zero degrees azimuth, with the torso signature still visible at 60 degrees but with 

diminished amplitude.   

 
Fig 4.  Doppler signature with azimuth angles of 0, 45, and 90 degrees but an elevation of 60 degrees.  Note the Doppler can still be seen due to the 

elevation even though the azimuth angle is 90 degrees, but the negative velocities have to be kept. 

II. CHARACTERIZING MEASUREMENTS 

Multiple measurements were done to try to characterize the 
micro-Doppler of human motion.  Measurements of humans 
were taken at the outdoor radar test range with realistic but 

low levels of clutter.  Measurements were done across a range 
of azimuth and elevation angles in order to characterize the 
micro-Doppler signature response of humans with respect to 
angle.  The result of these experiments in azimuth is shown in 
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Figure 2. The measurement of the micro-Doppler is 
significantly more difficult as the motion approaches an angle 
that is perpendicular to the path of the radar illumination.  This 
is because the relative Doppler is reduced by the angle of the 
motion relative to the path of the radar illumination. However, 
the side-to-side motion of human walking would show up 
[10].   

The degradation of the micro-Doppler signature with 
elevation is not as severe, as can be seen in Figure 3.  This is 
due to the coordinated rise and fall of the body with a walking 
motion.  These results imply that coordinating the motion of 
people into the radar’s field of view at zero elevation may not 
be necessary, since measurements with reduced but still viable 
signal levels can be made with a system that is at a higher 
elevation.  Measurements at sixty degrees of elevation show 
measurable Doppler even at ninety degrees of azimuth, as 
shown in Figure 4.  However, as the elevation increases, the 
offset from the zero velocity clutter line is diminished, making 
detection more challenging.  This is especially true for 
measurements at ninety degrees of azimuth since the motion is 
centered at the clutter line.   

III. SIMPLIFIED DOPPLER AND MICRODOPPLER 

A simplified model for the mean torso velocity and for the 
micro-Doppler of walking dismounts is also helpful for 
determining the necessary system characteristics. The primary 
characteristics are the mean Doppler velocity and the size of 
the torso variation in the micro-Doppler.  The mean torso 
velocity is found to vary along the lines of a simple scatterer, 

with a cos()cos() dependence.  However, the micro-Doppler 
is relatively consistent, with a 0.25 m/s peak to peak motion 
that is roughly sinusoidal, though interaction with the legs 
sharpens the point before the peak.  It does not vary much 
with elevation, as can be seen in Figure 3.  The azimuthal 
dependence is more complicated, with the motion being 
visible above 45 degrees of elevation at all azimuths, but being 
diminished or smeared at lower elevations and even moderate 
azimuth, as can be seen in Figure 2.  The measurements angles 
were improved using simulated data as well, as can be seen in 
Figure 5. Several rules of thumb can be extracted for dismount 
torso velocity and micro-Doppler: 

1. cos()cos() dependence of average torso velocity 

2. 0.25 m/s peak to peak micro-Doppler of the torso line 
roughly independent of elevation 

3. Above 45 degrees of elevation, torso micro-Doppler is 
still visible 

This model can be used to separate the micro-Doppler 
from the mean Doppler of the target, converting a complicated 
non-stationary signal into a simple scatterer. The simplified 
Doppler model is given in Equation 3. 



where  is the phase of the micro-Doppler motion.  The  
dependence of the micro-Doppler term is not yet verified 
experimentally due to the complexity of the relationship.  The 
residual differences have more to do with the inaccuracy of 
the torso extraction [21] than with the simplified model.  One 

thing to note is that the phase of the motion is often stable 
for more than four seconds for walking.  

This model does work well for low elevations but not in 
combination with high azimuth. For true azimuthal 
dependence at low elevations of the micro-Doppler, 
simulations should be carried out.  However, for quick 
calculations this model can still be used, allowing for a greater 
variability in the torso line, as can be seen by comparing 
Figures 2, 3, and 4. The torso line can be shadowed by the arm 
motion, as can be seen at 45 degrees in Figure 2.  For 
example, the torso line appears at 5 seconds for about one half 
of a second as a strong dark line, then is shadowed for a 
second, and repeats earlier.  Even at 90 degrees there appears 
to be some sinusoidal torso line for short periods.     

 
Fig 5. Simulated spectrogram of the motions in Figure 1.  The 

motions of the separate parts of the body overlap and blur together, 
making extraction more difficult.  Simulations were used to try to 

fill in angles in the measurements.  

IV. RCS ESTIMATION 

There are three different parameters that we allowed into 

the model for RCS.  The first two are the angle , which is the 
angle between the subject motion and the beam of the radar in 

the ground plane, and the angle , which is the elevation angle 
between the subject and the radar beam.  The third parameter 
in our RCS model is the number of dismounts in the same 
range gate.  This is useful for estimating when you can see a 
large group moving together. The measurements are made 
with the clutter line subtracted, and the area was subjective, 
but the error was less than .5 dBc [19].  Note that the data is 
not highly sampled, so the resulting model must be simple.   

The most inconsistent part of the model is the comparison 
of the RCS of a group of men.  This falls roughly on the 
expected -10Log10(number of dismounts) but can be 
inconsistent due to shadowing and other effects.   

Incorporating the number of dismounts term, the 
remaining data can be combined together.  The data on the 
dismounts at an elevation of 60 then shows very little variation 
with azimuth, primarily because the arm and leg motion is not 
as visible.  This suggests a transition from multi-scatterer 
model to a single-scatterer model around an elevation of 45 
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degrees.  The variation in RCS is then shown to roughly 

linearize as a function of cos
2
() for both the 15 and 30 degree 

data.   

Incorporating the azimuthal dependence with a cutoff at 45 
degrees leaves only the elevation dependence to be 
determined.  Using a least squares fit to the remainder of the 
data provides the final parameters to the model.  The resulting 
RCS equation is then: 



where H is the Heaviside function defined to be one for  less 

than 45 degrees and zero for  greater than 45 degrees and N 
is the number of men in the group.  Note, however, that the 
RCS measurements are at 35GHz and may not scale well to 
low frequencies.  There is also some question as to how well 
the RCS can be measured at an azimuth of 90 degrees, where 
most of the signal is in the clutter line and the clutter 
cancellation is an issue.  This simple equation encapsulates the 
drop in RCS with elevation as well as the strong azimuthal 
dependence at lower elevations.  Several rules of thumb can 
then be extracted for dismount RCS: 

1. Lose 1.8 dB per 15 degrees of elevation 

2. Roughly lose 3 dB per 45 degrees in azimuth 

3. Groups add like independent scatterers (often) 

However, often the deciding factor is not just the RCS, but 
also the Doppler of the dismount in order to separate it from 
the clutter.  

V. CONCLUSION 

A simplified model for the RCS, the mean torso velocity, 
and for the micro-Doppler has been presented, along with 
several rules of thumb to help in the development of dismount 
detection.  This model was extracted from measured radar 
data.  We focus on modeling and measuring the characteristics 
of human walking parameters to determine response of 
dismounts to radar signals.  We found that the mean torso 

velocity acts like a single moving scatterer with a cos()cos() 
dependence on azimuth and elevation.  We also found that the 
micro-Doppler of the torso line stays consistent at about 0.25 
m/s peak to peak but it is strongly affected by azimuth when 
the elevation is less than 45 degrees.  The micro-Doppler 
phase was also shown to be relatively stable over periods of a 
few seconds.    For RCS, we determined that you lose 1.8 dB 
per 15 degrees of elevation, 3 dB per 45 degrees in azimuth, 
and that groups often add like independent scatterers.      
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